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Abstract
We have investigated orientation discrimination in visual noise using two types of high contrast, broadband stimuli. Discrimi-
nation thresholds are better for Local stimuli, in which the orientation signal is spatially limited, than for Global stimuli, in which
the orientation signal extends across the entire stimulus. Performance improves with increasing stimulus area, reaching an optimum
threshold of about 11% orientation signal. Thresholds were not inﬂuenced by brief presentation times or practice. These results,
along with results from a simple computational model, suggest that human orientation discrimination for this kind of pattern is
mediated by pooling local responses of low-level neural mechanisms and is limited by two stages of intrinsic neural noise.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Neurons in primary visual cortex respond selectively
to stimulus attributes such as orientation, contrast,
spatial frequency, and direction of motion (Hubel &
Wiesel, 1959, 1962, 1968). A fundamental goal for vision
science is to establish how these underlying neural
mechanisms support visual perception and how they are
related to psychophysical thresholds. In studies of ori-
entation discrimination, psychophysical thresholds have
typically been measured using line or grating stimuli,
similar to those used to measure neural responses elec-
trophysiologically. With lines and gratings, the percep-
tual discrimination is made challenging by reducing the
diﬀerence in tilt angle (e.g., Andrews, 1967a, 1967b;
Makela, Whitaker, & Rovamo, 1993; Vogels & Orban,
1985, 1986; Westheimer & Ley, 1997) or by reducing the
contrast (Blakemore & Campbell, 1969; Movshon &
Blakemore, 1973). These same stimulus attributes have
been varied to measure orientation bandwidth and con-
trast sensitivity of orientation-selective neurons in visual
cortex and those tuning properties have formed the basis
of computational models developed to account for ori-
entation discrimination (e.g., Barlow, 1972; Bradley,
Skottun, Ohzawa, Sclar, & Freeman, 1987; Hawken &
Parker, 1990).
There remains some uncertainty, however, about the
relationship between the neural basis of orientation
discrimination and perceptual thresholds for orientation
tasks. On the one hand, broad orientation tuning func-
tions of cortical neurons can support ﬁne discrimina-
tions (Parker & Hawken, 1985; Skottun, Bradley, Sclar,
Ohzawa, & Freeman, 1987). On the other hand, it has
been shown that while the orientation tuning of some
neurons matches perceptual performance, most do not
(Vogels & Orban, 1990). Furthermore, varying contrast
and spatial frequency has less of an eﬀect on perceptual
performance (Burbeck & Regan, 1983; Paradiso, Car-
ney, & Freeman, 1989) than it has on the response of V1
neurons (Movshon, Thompson, & Tolhurst, 1978).
Taken together, these diﬀerences have posed a problem
of designing appropriate visual stimuli and experimental
paradigms because it has been diﬃcult to separate ori-
entation processing from the eﬀects of contrast and
spatial frequency.
One approach to address this kind of problem when
studying visual discriminations has been to make the
task more challenging by adding noise to the stimulus,
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rather than reducing contrast or reducing the stimulus
diﬀerence being compared. This noise technique has
been used eﬀectively in the motion domain (e.g., Britten,
Shadlen, Newsome, & Movshon, 1992; Newsome &
Pare, 1988) where normal observers and neurons in MT
can accurately determine the dominant direction of
motion in displays in which most of the dots move
randomly and only a small percentage move coherently.
These stimuli have also been used in animal and human
studies following lesions to the motion pathway. With
coherent motion stimuli, only mild to moderate deﬁcits
in motion discrimination were found, but with even a
small amount of random visual noise added to the
stimulus, performance was severely disrupted (Baker,
Hess, & Zihl, 1991; Hess, Baker, & Zihl, 1989; Paster-
nak, Albano, & Harvitt, 1990; Rudolph & Pasternak,
1999; Schiller, 1990; Schiller & Lee, 1994; Vaina,
LeMay, Bienfang, Choi, &Nakayama, 1990). Since these
‘‘noisy’’ stimuli are composed of high contrast elements,
the visibility of the stimulus is not a limiting factor and
the perceptual deﬁcits are conﬁned to the motion do-
main. These results reﬂect a diﬀerence in the ability of
relevant neural circuits to successfully distinguish the
visual motion signal from noise and illustrate the eﬀec-
tiveness of noise stimuli for studying visual discrimina-
tion.
We have developed a similar signal-in-noise paradigm
in the orientation domain using two types of oriented
texture that provide greater selectivity for studying ori-
entation discrimination independent from contrast and
spatial frequency. The stimuli are designed to be highly
visible, the discrimination involves comparing large
orientation diﬀerences, and yet the task is perceptually
challenging. This is achieved by using stimuli that are
high contrast, broadband in spatial frequency, and
contain an orientation signal embedded in unoriented
noise. The strength of the orientation signal can be
varied from 0% to 100%, and the threshold is the
smallest amount of orientation signal necessary to dis-
criminate between horizontal and vertical. One type of
orientation noise stimulus is Global in nature, because
the underlying orientation signal extends across the en-
tire display. The other type is Local, because the ori-
entation signal is spatially limited. Comparison of the
thresholds for Local and Global stimuli provides in-
sights into orientation processing mechanisms. In addi-
tion, the nature of spatial integration of orientation
information can be addressed by comparing thresholds
for various stimulus sizes. Finally, using noise stimuli
allows for quantitative estimates of internal neural noise
at both the early stages of orientation-selective neurons
and at later stages of perceptual decision-making.
We have studied orientation discrimination by com-
paring psychophysical thresholds and the results from a
computational model for a variety of sizes of the Local
and Global orientation noise stimuli. Thresholds for
both stimuli improved with larger stimulus area,
reaching an optimal threshold of only 11% orientation
signal. At smaller stimulus sizes, thresholds for the Local
stimulus were signiﬁcantly better than for the Global
stimulus. The experimental and model results suggest
that performance may be mediated by pooling the re-
sponses of low-level neural mechanisms and limited by
two stages of intrinsic neural noise. A preliminary report
included some of these data (Anderson, Radisic, Mur-
phy, & Jones, 2000).
2. Methods
2.1. Subjects
Four subjects participated in the experiments. One
observer (ZR) was highly practiced on the task, two
observers (JA, KD) had some practice before collecting
data, and one observer (MV) had no practice before
testing, in order to examine the role of experience. All
four subjects had normal or corrected-to-normal vision.
2.2. Visual stimuli
We have developed two types of visual stimuli to
measure orientation discrimination. The stimuli were
high contrast grey-level patterns, containing a broad
range of spatial frequencies, with an independently
variable amount of horizontal or vertical orientation
signal in the presence of unoriented noise. Pixel values
were selected from a uniform random distribution of
256 grey-levels. For both kinds of stimuli, the parameter
P represents the strength of the orientation signal,
namely, the percentage of pixels carrying the orientation
signal versus noise pixels. When P ¼ 100% the stimulus
was a one-dimensional white noise grating at either a
horizontal or vertical orientation; when P ¼ 0% the
stimulus was uniform random noise, with no dominant
orientation. The Global and Local stimuli were the same
when P ¼ 100% or P ¼ 0%, however, for intermediate
values of P they were dissimilar (Fig. 1).
The ‘‘Global signal’’ stimulus was generated by
starting with a one-dimensional horizontal or vertical
white noise grating, randomly selecting ð100 PÞ% of
the pixels, and replacing them with new random grey-
levels. The resulting stimulus resembles an oriented
pattern covered by a variable amount of salt and pepper
noise (Fig. 1). The term ‘‘Global’’ was used to describe
this stimulus because it contained partially obscured
oriented contours of a particular grey-level that ex-
tended across the entire stimulus.
The ‘‘Local signal’’ stimulus was generated by se-
quentially assigning grey-levels to pixels along each
orientation stripe. With probability P=100, the next
pixel continued with the same grey-level, otherwise a
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new randomly chosen grey-level was assigned. Each
orientation stripe was drawn independently. The re-
sulting image resembles an oriented pattern of grey
streaks with variable average length (Fig. 1). The term
‘‘Local’’ was used to describe this stimulus because it
contained local oriented contour segments with inde-
pendent grey-levels and no inherent continuity that ex-
tended across the entire stimulus.
The visual stimuli were generated on a computer
workstation (Sun Microsystems, Ultra-10/Creator3D)
using custom software written in MATLAB (Math-
works). The stimuli were displayed on a 19
00
colour
monitor (Hitachi CM751U) with 0.26 mm dot pitch, a
spatial resolution of 1280 1024 pixels, an 8-bit gamma
correction lookup table, and 76 Hz frame rate. Stimuli
were presented within a circular aperture formed by a
matte black paper mask placed in front of the display.
Seven aperture diameters were used: 0.7, 2.1, 3.5,
4.9, 7, 10.5, and 14. The stimuli were viewed bin-
ocularly from a distance of 57 cm and had a mean lu-
minance of 20 cd/m2.
2.3. Procedure
A two-alternative forced-choice paradigm was used
to determine orientation discrimination thresholds.
Within one trial, a horizontally or vertically oriented
stimulus was displayed for 1 s. Subjects were instructed
to judge whether the stimulus was oriented horizontally
or vertically and to respond by pressing one of two keys
on the keyboard. Subjects were not given feedback.
Unless otherwise noted, threshold estimates were
obtained using a method of constant stimuli, where each
threshold estimate was based on 120 trials (10 presen-
tations for each of the 12 diﬀerent signal levels). Re-
sponse data were ﬁt with a Weibull function (Quick,
1974) using the method of least squares. Thresholds
were calculated at the 82% correct level, which corre-
sponds to the point of maximum slope on the psycho-
metric function (Harvey, 1986). A 3-down 1-up staircase
procedure was used in some conditions, where threshold
estimates were based on 100 trials. In this case, thresh-
olds were calculated at the 79.4% correct level, which is
the level of correct response to which this staircase
procedure converges (Levitt, 1971). At the beginning of
each experimental run, the initial level of orientation
signal was set to be highly visible (60% signal). The
amount of signal was reduced in decrements of 5% after
3 correct responses for the ﬁrst 33 trials. Step sizes were
reduced to 4% and 3% after trials 33 and 66 respectively.
Mean thresholds for the seven aperture sizes and two
stimulus classes are based on 5 runs of 120 trials for each
subject. Testing occurred over a 7 day period, where
each daily session consisted of threshold estimates for
both the Global and Local stimuli using one aperture
size. Subject MV was tested over a period of 8 days
using the Local stimulus and four aperture sizes (14,
4.9, 2.1, and 0.7) each day.
2.4. Model simulation and analysis
We formulated a model of local orientation process-
ing based on pooling simple cell responses and compared
it with the human psychophysical thresholds. The model
was implemented in two stages. First we implemented a
computer simulation to determine the thresholds of a
noise-free ideal observer, assuming the stimulus images
were convolved with oriented linear spatial ﬁlters. Sec-
ond we analyzed the diﬀerences between the simulated
ideal observer responses and the measured human
Fig. 1. Examples of the two kinds of orientation stimuli used in experiments at various orientation signal strengths. The stimuli are composed of an
oriented signal component, and an unoriented noise component. Examples of the Global orientation stimulus are presented on the top, and examples
of the Local orientation stimulus are presented on the bottom. When the orientation signal strength is either 100% or 0%, the two kinds of stimuli are
identical. For intermediate levels of orientation signal, they are dissimilar. Global stimuli contain oriented contours that extend across the entire
stimulus, whereas Local stimuli contain local oriented contours. All of the stimuli in these examples are vertical.
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responses to characterize these diﬀerences in terms of
early and late stages of noise.
The ideal observer was implemented as a MATLAB
function. Given an input stimulus image for a single
trial, it computed an output response of either ‘‘hori-
zontal’’ or ‘‘vertical’’. The stimulus image was con-
volved with oriented ﬁlters designed to resemble
horizontal and vertical simple cell receptive ﬁelds. Three
sizes of ﬁlter were used, with the smallest being 3 3
pixels ([)1 2)1; )1 2)1; )1 2)1]) and the others being
6 6 and 9 9 versions of the same even-symmetric
kernel. This simple linear ﬁlter has an orientation
bandwidth of 27 and a spatial frequency bandwidth
of 1.6 octaves. These ﬁlter sizes correspond to approxi-
mately 0.25, 0.5, and 0.75. Within each orientation
channel, the oriented ﬁlter responses were full-wave
rectiﬁed (jxj) and pooled by summing over the full area
of the stimulus. This yielded two overall responses, one
for vertical and one for horizontal. These were com-
pared and the ideal observer response corresponded to
the orientation of the ﬁlters that produced the larger
response. Thresholds for the ideal observer were ob-
tained by running the same MATLAB software used
with human observers, but substituting the ideal ob-
server function in place of a function that received a
human subjects key press. Simulations were carried out
in this manner for all seven aperture sizes using both the
Global and Local stimuli. Mean thresholds were based
on 5 runs of 120 trials per condition.
The second stage in modelling local orientation pro-
cessing was to analyze the contribution of intrinsic
neural noise to human performance. Instead of adding
noise to the simulation, we chose a more direct analyt-
ical approach. Theoretical equations (described later)
were ﬁt to the human threshold data using a method of
least-squares to obtain best-ﬁtting parameters for ‘‘ear-
ly-noise’’ which corresponds within the model to the ﬁrst
stage of orientation processing, at the level of individual
simple cells, and ‘‘late-noise’’, which corresponds to
noise or uncertainty in the psychophysical decision stage
after the orientation signals have already been pooled.
3. Results
3.1. Human results
Orientation discrimination thresholds were measured
for three subjects using the Global and Local orienta-
tion noise stimuli for a range of aperture sizes (0.7–14).
The percent orientation signal required to discriminate
between vertical and horizontal was found to vary as a
function of aperture size and to depend on the type of
orientation signal used (Fig. 2).
Orientation discrimination thresholds were consis-
tent within subjects (Fig. 2), as well as between subjects
(Fig. 3), as indicated by the small error bars. For both
Global and Local stimuli, optimum thresholds of ap-
proximately 11% orientation signal were obtained with
the largest aperture size (14). Discrimination thresh-
olds were much poorer at the smallest aperture size
(0.7), where the range of thresholds was 36.3–43.4%
signal for the Global stimulus and 18.0–19.8% signal
for the Local stimulus. At the smallest aperture sizes
(0.7 and 2.1), discrimination with the Global stimulus
required about twice as much orientation signal com-
pared to the Local stimulus. This indicates that per-
ception of the Global orientation signal was more
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Fig. 2. Eﬀect of aperture size on orientation discrimination thresholds
for three observers. Open circles represent thresholds for Global
stimuli; open triangles represent thresholds for Local stimuli. Error
bars represent 1 SEM.
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susceptible to noise, whereas the Local orientation
signal was more robust.
For both kinds of orientation noise stimuli, perfor-
mance improved with increasing aperture size. For the
Local stimulus performance improved very quickly,
reaching the optimum threshold of approximately 11%
at an aperture size of 2.1, with no further improvement
even as aperture size was increased up to 14. For the
Global stimulus, there was an initially rapid improve-
ment as aperture size was increased from 0.7 to 3,
followed by a more gradual improvement. Thresholds
for the Global stimulus remained elevated above
thresholds for the Local stimulus up until an aperture
size of about 7–10.
To investigate whether thresholds were inﬂuenced by
stimulus duration, the presentation time was reduced
from 1 s to 100 ms. Reducing the presentation time did
not aﬀect thresholds (Fig. 4). There was no diﬀerence in
the thresholds for the Local orientation stimuli and only
a slight increase in thresholds with brief presentations of
the larger aperture sizes for the Global signal stimulus.
These results demonstrate that subjects were able to
extract the oriented signal from the stimulus display
quite rapidly, and suggest that performance on this task
relies upon simple neural mechanisms that do not re-
quire long exposure times.
Previous studies have shown that the ability to dis-
criminate very small diﬀerences in tilt angle using line or
grating stimuli can improve with practice (e.g., Matth-
ews, Liu, & Qian, 2001; Schoups, Vogels, Qian, &
Orban, 2001; Shiu & Pashler, 1992; Vogels & Orban,
1985). We investigated whether thresholds for the ori-
ented noise stimuli improved with practice by plotting
thresholds for the ﬁrst 8 days of testing for a naive
subject (MV). These thresholds were obtained using a
staircase method for the Local stimulus, with 100 ms
presentation time and 4 aperture sizes. No systematic
0
10
20
30
40
50
60
0 5 10 15
0
10
20
30
40
50
60
0 5 10 15
(A)
(B)
Z.R.
Z.R.
Aperture Size (Degrees)
O
rie
nt
at
io
n 
Si
gn
al
 (%
)
Global
Local
O
rie
nt
at
io
n 
Si
gn
al
 (%
) 1 s
100 ms
1 s
100 ms
Fig. 4. Eﬀect of stimulus presentation time on orientation discrimi-
nation thresholds. Open symbols are thresholds for 1 s presentation
time; closed symbols are thresholds for 100 ms presentation time.
Thresholds were not diﬀerent with the shorter presentation time, for
both (A) Global stimuli, and (B) Local stimuli.
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Fig. 5. Eﬀect of practice on discrimination thresholds. Thresholds for
a naive subject (MV) were tracked over 8 days, using Local stimuli.
Thresholds did not improve signiﬁcantly. Thresholds measured on day
1 and day 8 are highlighted for comparison.
0
10
20
30
40
50
60
Or
ien
ta
tio
n 
Si
gn
al 
(%
)
0 5 10 15
Aperture Size (Degrees)
Global
Local
Fig. 3. Eﬀect of aperture size on orientation discrimination thresholds.
Mean thresholds for observers in Fig. 2. Axes and plot symbols are the
same as in Fig. 2.
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improvement in thresholds was found over the 8 days
(Fig. 5). Furthermore, thresholds measured on the very
ﬁrst day of testing were comparable to those of highly
practiced subjects (cf. Fig. 2).
We examined the nature of the orientation informa-
tion in the stimuli to determine whether a diﬀerence in
information content could explain the diﬀerences in
discrimination thresholds between the Local and Global
stimuli. Both types of stimulus were evaluated using a
two-dimensional Fourier transform (FFT), and the re-
sults are shown in Fig. 6, along with the power spectrum
corresponding to a 100% orientation signal for com-
parison. All the signals in this example were oriented
vertically, and the amount of signal in the Global and
Local stimulus examples was 58%. The unoriented noise
in the stimuli results in energy in the power spectra
distributed over a variety of orientations and spatial
frequencies. In the Global stimulus, the majority of the
energy in the power spectrum was concentrated at a
single orientation corresponding to vertical. In contrast,
the oriented energy in the Local stimulus was more
dispersed away from the vertical orientation. According
to the Fourier transform, which provides an analysis of
the overall structure of the stimulus, the Global stimulus
contained more information at vertical than was the
case for the Local stimulus. Subjects, however, per-
formed better with the Local stimulus. These results
show that the diﬀerence in performance cannot simply
be explained by a diﬀerence in the amount of oriented
energy in the two types of stimuli. Instead, the results
suggest that subjects depend more on a local analysis of
the orientation structure of the stimulus.
3.2. Model simulation results
The purpose of implementing an orientation sum-
mation model was to simulate potential neural mecha-
nisms for orientation discrimination. A schematic
diagram illustrates the computational steps involved in
the simulated noise-free ideal observer (Fig. 7). Stimuli
were convolved with both vertical and horizontal spatial
ﬁlters, the ﬁltered responses were rectiﬁed and spatially
pooled within each orientation channel, and the re-
sponse corresponded to the orientation of the ﬁlter that
produced the larger response.
Thresholds were obtained for the ideal observer
using three ﬁlter sizes (0.25, 0.5, and 0.75) (Fig. 8).
These sizes were selected to be comparable to the
range of receptive ﬁeld sizes found in the central visual
ﬁeld of macaque V1 (Hubel & Wiesel, 1968). Two
major similarities are apparent between the ideal ob-
server thresholds and the human thresholds. First, for
all ﬁlter sizes and all aperture sizes, thresholds were
poorer for the Global stimulus than for the Local
Fig. 6. Fourier power spectra of stimuli used in experiments. Three
example stimuli are presented on the left and corresponding Fourier
power spectra are presented on the right. The top stimulus containing
100% orientation signal has a corresponding power spectrum with
energy at a single orientation, distributed across all spatial frequencies.
Both Global and Local stimulus examples contain 58% vertical ori-
entation signal. In the Global stimulus, a small amount of orientation
energy is evident at a variety of orientations and spatial frequencies,
but the majority is still concentrated at a single orientation. In the
Local stimulus, orientation energy is signiﬁcantly more dispersed
around the dominant orientation. This reveals that there is more ori-
entation energy present at vertical, as opposed to neighbouring ori-
entations, in the Global stimulus.
Fig. 7. Schematic diagram of local orientation summation model. The
stimulus, depicted at the top, was convolved with vertically and hori-
zontally oriented ﬁlters. Within each orientation channel, ﬁlter re-
sponses were full wave rectiﬁed (jxj) and summed together. The model
response corresponded to the orientation of the ﬁlter that produced the
larger response.
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stimulus. Second, increasing the aperture size im-
proved performance rapidly at smaller aperture sizes,
and more gradually at larger aperture sizes. The abil-
ity to pool additional orientation information across
space has a profound inﬂuence on thresholds for
smaller aperture sizes and gradually provides dimin-
ishing returns at larger aperture sizes. Because the
ideal observer pooled oriented ﬁlter responses without
any loss of information, thresholds continued to im-
prove indeﬁnitely as the stimulus aperture was in-
creased for both Global and Local stimuli. In the
limit, thresholds approach arbitrarily small signal lev-
els for very large apertures.
Ideal observer thresholds using the smallest ﬁlter size
(0.25) yielded results most similar to human thresholds
(Fig. 9). This ﬁlter size closely matches the size of the
smallest simple cell receptive ﬁelds in macaque V1
(Hubel & Wiesel, 1968). Human and ideal observer re-
sults for the Global stimuli were very similar in both
absolute threshold levels and the overall shape of the
functions (Fig. 9A). Ideal observer performance at large
aperture sizes was slightly better than human perfor-
mance, however reducing the aperture size resulted in
the same gradual increase in thresholds that was ob-
served with human thresholds. For the Local stimuli, the
ideal observer threshold functions followed the same
shape (Fig. 9B), and at the smallest aperture size,
approximately 19% signal was required for accurate
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discrimination, which was remarkably similar to human
thresholds. For the largest aperture sizes and Local
stimuli, the ideal observer discrimination threshold ap-
proached 0% signal, while the human threshold never
improved beyond about 11%. This suggests that human
performance was limited by an intrinsic factor not pre-
sent in the ideal observer, most likely neural noise.
3.3. Model analysis results
Orientation discrimination thresholds in this experi-
ment are well described by two parameters: the rate of
improvement over small aperture sizes, and a perfor-
mance limit for large aperture sizes. This is summarized
in the equation:
threshold ¼ maxðKN1=2; TLÞ
where K is related to the eﬀectiveness of the type of
orientation signal, N is the aperture size, and TL is the
optimum threshold limit for larger aperture sizes. This
equation was ﬁt to the threshold data using a method of
least squares (Fig. 10). Best ﬁtting parameters were:
K ¼ 15:5 (Local), K ¼ 33:7 (Global), TL ¼ 11:2. Per-
formance on this task is well described by this equation
(r2 ¼ 0:93 for Local, r2 ¼ 0:97 for Global).
Signal detection theory provides a way to predict
performance of an ideal neural mechanism that has both
early and late noise components. Within this frame-
work, the threshold is predicted by the following equa-
tion:
threshold ¼ Zðr2L þ k2r2E=NÞ1=2
where k is a parameter related to the eﬀectiveness of the
type of orientation stimulus in evoking a neural re-
sponse, rE is the standard deviation of the early noise,
rL is the standard deviation of the late-noise, N is the
number of independent stimulus samples, which is taken
to be proportional to the aperture size, and Z is the z-
score corresponding to the threshold measurement
criterion. In the present experiments, thresholds were
obtained at 82% correct, corresponding to a z-score of
0.915. Best ﬁtting parameters were: rL ¼ 9:8, krE ¼ 14:4
(Local), krE ¼ 34:2 (Global), all in units equivalent to
percent orientation signal (r2 ¼ 0:93 for Local, r2 ¼ 0:99
for Global). It is not possible from our experimental
data to tease apart the parameters k and rE.
4. Discussion
The orientation discrimination thresholds can be de-
scribed in terms of three main eﬀects. First, the Local
orientation signal was a more eﬀective stimulus than the
Global orientation signal, particularly at the smaller
aperture sizes. Second, increasing the size of the stimu-
lus, which increases the total amount of orientation
signal available in the stimulus, led to a signiﬁcant im-
provement in thresholds. Finally, at the largest aperture
sizes, discrimination thresholds reached an asymptotic
level of about 11% signal. These optimum thresholds
were independent of both the type of orientation signal
and further increases in stimulus size, suggesting that
they are a consequence of a limiting factor intrinsic to
the observer.
The orientation summation model captures the main
features of human performance with the two types of
orientation noise stimuli. Model performance, like
human performance, is better for Local stimuli than for
Global stimuli. Even this simple model captures the
diﬀerence between the stimulus types yielding lower
thresholds when the orientation signal is spatially lo-
calized. The model thresholds also improve with in-
creasing aperture sizes at a rate that is similar to human
performance. Finally, model thresholds asymptotically
approach an optimum level of performance for larger
apertures.
4.1. Orientation pooling
An important feature of the orientation model is that
information is pooled across space and discrimination
decisions are based on this pooled signal. Evidence for
orientation pooling has also arisen in studies concerned
with tilt discrimination, where increasing the length of a
tilted line improves tilt discrimination thresholds, even
though these lines are longer than the length of foveal
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receptive ﬁelds (e.g., Andrews, 1967b; Henrie & Shapley,
2001; Makela et al., 1993; Westheimer & Ley, 1997). To
account for this improvement, signals from adjacent
neurons must be combined for better response. Simi-
larly, orientation pooling has been implied in studies
concerning ‘‘textural analysis’’, where the overall ori-
entation perceived in a two-dimensional array of tilted
Gabor patches is the average of the orientations of the
local elements (e.g., Dakin & Watt, 1997; Parkes, Lund,
Angelucci, Soloman, & Morgan, 2001).
In the present experiment, the initial rate of im-
provement with increasing aperture size is the same for
both types of stimulus. Despite a factor of two diﬀer-
ence in the thresholds for the Local and Global stimuli,
when plotted on a log-log scale, the initial thresholds
for both types of stimulus are well ﬁt by a power
function with slope of )1/2, suggesting a common
underlying mechanism for the pooling of orientation
signals (Fig. 10). This mechanism can be understood by
considering principles of signal processing. For exam-
ple, in the presence of additive noise, performance of
an ideal observer improves proportional to the square-
root of ‘‘N ’’, where N represents the number of inde-
pendent samples of the stimulus. With the present
stimuli, it might at ﬁrst seem appropriate to deﬁne N in
terms of the stimulus area, however, when thresholds
are plotted as a function of area, the rate of im-
provement is substantially shallower than predicted by
the square-root rule. Instead, performance with the
orientation noise stimuli is better accounted for when
N is deﬁned in terms of stimulus diameter. This is
likely due in part to non-uniform sampling across the
visual ﬁeld: oriented signals that fall on more periph-
eral receptive ﬁelds are not sampled as densely and
therefore make less of a contribution than orientation
signals that fall on more central receptive ﬁelds. As a
result, it may be more appropriate to deﬁne N in terms
of cortical area, such that improvements in signal-
to-noise result from the increased amount of cortical
territory being activated. Based on current estimates of
the visual ﬁeld representation in human V1, the area of
the cortical image of a circular stimulus centered on the
fovea grows roughly linearly with the stimulus diame-
ter, for the range of stimulus sizes used in this exper-
iment (Wong & Sharpe, 1999). In our experiments,
orientation discrimination thresholds improved in
proportion to the square-root of the stimulus diameter,
or equivalently, in proportion to the square-root of the
cortical area activated by the stimulus. This improve-
ment with increasing aperture size can therefore be
described as optimal, since it matches the prediction of
an ideal observer. Thresholds continued to improve for
sizes up to 10 for the Global stimulus, making it un-
likely that the pooling of orientation signals is medi-
ated only by horizontal connections in V1. Instead,
these results raise the possibility that extrastriate areas,
with larger receptive ﬁelds, also contribute to perfor-
mance on this task.
4.2. Intrinsic noise
For larger aperture sizes, orientation discrimination
thresholds reached a limit of about 11% signal. This
limit likely reﬂects noise in the neural mechanisms un-
derlying performance on this task. Many studies have
found that detection and discrimination tasks near
threshold are limited by intrinsic neural noise (e.g., Pelli,
1990). Recent experimental and computational evidence
suggests that neural noise can be considered as arising at
two stages of orientation processing (Parkes et al.,
2001). On the one hand, ‘‘early-noise’’ arises at the level
of orientation-selective ﬁlters at early stages of visual
processing and reﬂects uncertainty in the coding of local
orientation signals. The eﬀects of early-noise can be re-
duced by increasing the amount of signal being pooled,
thereby decreasing the variance of the noise in the sum
of the ﬁlter responses. Thus, the initial improvement in
thresholds with increasing aperture size is consistent
with early-noise. On the other hand, ‘‘late-noise’’ is in-
dependent of the total amount of stimulus signal, and
likely arises after orientation signals are pooled. The
performance limit of 11% observed in the present ex-
periment for larger apertures is independent of stimulus
area, and is therefore consistent with late-noise.
The optimum thresholds reported here may seem
relatively high when compared to values that have been
reported using other signal-in-noise paradigms. In mo-
tion discrimination tasks, for example, as little as 2–5%
coherent motion signal is suﬃcient under ideal condi-
tions for discriminating direction of motion in normal
observers (e.g., Baker et al., 1991; Newsome & Pare,
1988). It is important to keep in mind that the noise is
expressed in units related to the particular motion or
orientation stimulus used in the experiment and so
cannot be compared directly. It is possible that late-
noise equivalent to 11% orientation signal may corre-
spond to a diﬀerent value in terms of coherent motion
signal but reﬂect the same underlying magnitude of in-
trinsic neural noise.
4.3. Lack of practice eﬀects
Although perceptual learning has been documented
in studies using tilt discrimination with a small diﬀerence
in angle (e.g., Matthews et al., 2001; Schoups et al.,
2001; Shiu & Pashler, 1992; Vogels & Orban, 1985), we
found no evidence of perceptual learning using orien-
tation-in-noise discrimination with a large diﬀerence in
angle. Recent physiological evidence suggests that the
amount of neural noise in orientation-selective neurons
underlying performance in an orientation discrimina-
tion task remains unchanged with practice. Instead,
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perceptual learning increases the sensitivity of orienta-
tion-selective neurons, which is reﬂected by a change in
slope of orientation tuning curves at the learned orien-
tation of trained neurons in V1 (Schoups et al., 2001).
Although these might be beneﬁcial in tilt discrimination
tasks, small adjustments in orientation tuning curves of
underlying neural mechanisms would not be expected to
lead to improvements in behavioural performance when
discriminating large orientation diﬀerences in noise, es-
pecially when the level of intrinsic neural noise remains
unchanged. The absence of practice eﬀects in our results
is therefore consistent with current theories of percep-
tual learning.
4.4. Relationship between motion and orientation discrim-
ination in noise
The signal-in-noise paradigm has been used eﬀec-
tively in the motion domain for studying the mecha-
nisms underlying normal and abnormal motion
perception. For example, the human motion-blind pa-
tient L.M. can perform surprisingly well on motion
discrimination tasks where all dots move coherently, but
when even a small percentage of noise dots are added to
the stimulus, performance quickly falls to chance levels
(Baker et al., 1991; Hess et al., 1989). Using a similar
signal-in-noise paradigm to investigate orientation dis-
crimination in subjects with visual deﬁcits such as am-
blyopia may help elucidate some of the underlying
neural mechanisms, since under some conditions am-
blyopes can discriminate orientation at near-normal
levels (Demanins, Hess, Williams, & Keeble, 1999; Levi
& Sharma, 1998; Skottun, Bradley, & Freeman, 1986;
Vogels, Orban, & Vandenbussche, 1984). The stimuli
used in those tasks, however, were highly visible ele-
ments in a noise-free setting. Perhaps orientation pro-
cessing deﬁcits in amblyopes would be more readily
apparent in a task requiring the extraction of an ori-
ented signal from visual noise.
4.5. Summary
We have developed and used a new orientation-
in-noise paradigm for studying orientation perception
separate from eﬀects of contrast and spatial frequency.
A computational model based on ideal observer simu-
lation and analysis of the relationship between external
stimulus noise and psychophysical thresholds support
several conclusions about the neural mechanisms un-
derlying orientation discrimination. These mechanisms
are most sensitive to orientation signals that are spa-
tially localized. Improvements in discrimination thresh-
olds resulting from pooling of orientation information
match the optimal performance of an ideal observer.
The extent of orientation pooling suggests a signiﬁcant
contribution from extrastriate cortical areas. The per-
ceptual limits of orientation discrimination with these
stimuli can be understood in terms of two stages of
intrinsic neural noise: one at an early stage of orienta-
tion-selective neurons, and the other at a later stage of
orientation pooling and perceptual decision-making.
These experiments provide a framework for future
studies of orientation processing, including electrophy-
siology and brain imaging, and studying deﬁcits in ori-
entation processing in developing and abnormal visual
systems.
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